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Abstract: Spin ices are exotic phases of matter characterized by frustrated spins obeying local 
“ice rules”, in analogy with the electric dipoles in water ice. In two dimensions, one can 
similarly define ice rules for in-plane Ising-like spins arranged on a kagome lattice. These ice 
rules require each triangle plaquette to have a single monopole, and can lead to various unique 
orders and excitations. Using experimental and theoretical approaches including magnetometry, 
thermodynamic measurements, neutron scattering and Monte Carlo simulations, we establish 
HoAgGe as a crystalline (i.e. non-artificial) system that realizes the kagome spin ice state. The 
system features a variety of partially and fully ordered states and a sequence of field-induced 
phases at low temperatures, all consistent with the kagome ice rule.  
 
 
 
 
 
 
 
 
  
Frustration in spin systems can result in the formation of exotic phases of matter (1). One 
example is the pyrochlore spin ice, in which four nearest-neighbor Ising-like spins sitting at the 
vertices of a tetrahedron are forced by the exchange and dipolar interactions to obey the “ice 
rule”: two spins pointing into and the other two pointing out of the tetrahedron. Such a local 
constraint can lead to a macroscopic number of degenerate ground states or an extensive ground 
state entropy (2-8).  
In two dimensions (2D), ice rules can be similarly defined for in-plane Ising like classical spins 
residing on the kagome lattice (9-11), which require two-in-one-out or one-in-two-out local 
arrangements of the spins on its triangles. By viewing each spin effectively as a magnetic dipole 
formed by two opposite magnetic charges or monopoles, the ice rule leaves either a positive or 
a negative monopole (Qm=±1) at each triangle, and gives a ground state entropy of ~0.501kB 
per spin, where kB is the Boltzmann constant. However, a √3 × √3 ground state can be selected 
by further neighbour exchange couplings or the long-range dipolar interaction (9-11). 
Consequently, kagome spin ices show a characteristic multi-stage ordering behavior under 
changing temperature.  
Experimentally, kagome spin ices have only been realized in artificial spin ice systems formed 
by nanorods of ferromagnets organized into honeycomb networks (12-18). However, the large 
magnetic energy scales and system sizes make it challenging to explore the rich phase diagram 
of spin ices in the thermodynamic limit (17, 18). Alternatively, kagome ice behavior has been 
reported in pyrochlore spin ices such as Dy2Ti2O7 and Ho2Ti2O7 under magnetic field along the 
[111] direction (19-21). At the right strength, such a magnetic field can align the Ising spins on 
the triangular layers of the pyrochlore structure; because the field does not break the ice rule, 
the in-plane components of the spins on the kagome layers can satisfy the kagome ice rule. 
However, this is true only in a narrow range of field strength (less than 1T), owing to the weak 
exchange/dipolar interactions in such systems. Most recently, a magnetic charge order has been 
suggested in the tripod kagome compound Dy3Mg2Sb3O14(22, 23), and a dynamic kagome ice 
has been observed in Nd2Zr2O7 under field along the [111] direction (24, 25), but a long-range 
spin order does not appear in either case even at the lowest temperature.  
Here, we use multiple experimental and theoretical approaches to show that the intermetallic 
compound HoAgGe is a naturally existing kagome spin ice that exhibits a fully ordered ground 
state.  
Structure and magnetometry measurements 
HoAgGe is one of the ZrNiAl-type intermetallics with space group P-62m, which is non-
centrosymmetric. In particular, Zr sites in the ab plane form a distorted kagome lattice (26, 27) 
[Fig. 1A]. The distortion is characterized by opposite rotations of the two types of triangles in 
the kagome lattice by the same angle (~15.58º in HoAgGe) around the c axis. The rotation 
breaks the spatial inversion symmetry of a single kagome layer, although it does not change the 
space group of the 3D crystal (28). Previous neutron diffraction measurements suggested the 
presence of noncollinear magnetic structures of HoAgGe (29), but the powder samples used in 
that work yielded limited magnetic peaks that were insufficient to fully determine the magnetic 
structure, especially in the presence of frustration. Below we combine neutron diffraction with 
thermodynamic measurements in single-crystalline HoAgGe to reveal its exotic temperature- 
and magnetic-field-dependent magnetic structures, which we show to be consistent with the 
kagome ice rule. 
Each Ho3+ atom in HoAgGe has ten 4f electrons. According to Hund’s rules they should have 
the ground state of 5I8 with an effective magnetic moment μeff=10.6 μB, as confirmed by our 
Curie-Weiss fitting to the anisotropic inverse susceptibilities χ-1(T) above 100 K [Fig. S2A]. At 
lower temperatures, χ(T) for H//b under 500 Oe exhibits a relatively sharp peak at 11.6 K 
(denoted as T2) and another broad inflection at ~7 K (denoted as T1), which are more clearly 
seen in the plot of the temperature derivative of χ(T) [Fig. 1B]. Similar behaviors are also 
observed for H//a, whereas for H//c χ(T) monotonically increases with decreasing temperature 
(27).  
More interestingly, plots of magnetization vs. H//b show a series of plateaus at low temperatures 
[Fig. 1C].  At T=5 K one can clearly identify three metamagnetic transitions at H≈1T, 2T, and 
3.5T. At each transition the magnetization changes roughly by 1/3 of the saturated value (Ms) 
at H>4T. At lower temperatures [1.8 K in Fig. 1C], two additional small plateaus with a jump 
of ~1/6 Ms appear at 0.9T and 3.2T, respectively, accompanied by a small hysteresis. M(H) 
curve for H//a also shows well defined plateaus, albeit at different ranges of field [Fig. S2B], 
whereas no plateaus are observed for H//c [Fig. S2E]. An H-T phase diagram based on 
temperature dependence of the peaks in field derivative of M(H) curves [Fig. S2C-D] is 
constructed in Fig. 1D. Together with the χ(T) data above, the lack of any clear magnetic 
transitions for H//c confirms that the Ho spins in HoAgGe are constrained in the ab plane, and 
have additional in-plane anisotropies, similar to that in the isostructural TmAgGe and TbPtIn 
(30).  
Magnetic structures determined from neutron diffraction  
To fully determine the nontrivial spin structures of HoAgGe, we performed single-crystal 
neutron diffraction experiments down to 1.8K and under H//b up to 4T (31). Below the high-
temperature transition T2=11.6K, a magnetic peak appears at (1/3, 1/3, 0) (Fig. 2A and Fig. 
S4A), indicating a √3 × √3 magnetic unit cell [the green rhombus in Fig. 2B]. Below 10K,  
most nuclear sites exhibit almost constant intensity, but the broad transition at T1 induces 
additional magnetic contribution at certain structural diffraction sites, such as (1, 0, 0) [Fig. 2A, 
inset].  
According to neutron data at 10K (Fig. S5A), the magnetic structure belongs to the magnetic 
space group P-6’m2’ (Table 1), which has three nonequivalent Ho sites labeled by Ho1, Ho2, 
and Ho3 in Fig. 2B. Six other Ho positions in the magnetic unit cell are obtained from above 
three by three-fold rotations around the c axis. Because there are no magnetic contributions at 
nuclear sites at 10K, the simplest possibility for (MHo1, MHo2, MHo3) is (M, -M, 0), with M 
determined to be 5.2(1)μB  (Table 1 and Fig. S10B). This corresponds to Ho1, Ho2 exhibiting 
ordered moments of the same size but opposite directions, and Ho3’s moment fluctuating 
without ordering. Such a partially-ordered magnetic structure is shown in Fig. 2C, with the 
ordered moments forming clockwise or counterclockwise hexagons separated by the unordered 
moments. The structure thus has a nonzero magnetic toroidal moment defined by 𝝉 =
1
𝑉
∫ 𝑑3𝑟 𝐫 × 𝐌  (32). Similar partially-ordered structures have also been observed in the 
isostructural Kondo lattice CePdAl below 2.7K with easy c-axis anisotropy (33), and in 
hexagonal UNi4B below 20K with two thirds of U moments forming in plane clockwise 
hexagons (34). 
Below T1~7 K, Ho3 moments also enter the long-range order, as indicated in the inset of Fig. 
2A. Refinement of neutron data at 4K (Fig. S5B and Fig. S10C) leads to the magnetic structure 
shown in Fig. 2E, which also has the P-6’m2’ symmetry, with (MHo1, MHo2, MHo3)=(M, -M, -M) 
and M =7.5(1) μB. As illustrated in Fig. 2F, this fully ordered ground state includes alternating 
clockwise and counterclockwise hexagons of spins, and another 1/3 of hexagons consisting of 
three pairs of parallel spins. This is exactly the √3 × √3 ground state of the classical kagome 
spin ice predicted theoretically before (35-37).  
To confirm that HoAgGe is indeed a kagome spin ice, however, it is necessary to show that the 
ice rule is established even outside the fully ordered ground state (9-11). The kagome ice rule 
requires dominating nearest-neighbor ferromagnetic coupling between coplanar spins with site-
dependent Ising-like uniaxial anisotropy (9-11). Using neutron diffraction under magnetic 
fields we show that these requisites are indeed satisfied in HoAgGe. Figure 2D displays the 
neutron-scattering integrated intensities of the magnetic peaks at (-1/3, 2/3, 1) (Fig. S4B)  and 
(1/3, 4/3, 1) vs. the strength of the magnetic field along the b axis at 4K. Overall the intensity 
decreases with increasing field and disappears at H>3.2T, with sudden changes at the 
metamagnetic transitions depicted in Figs. 1, C and D, suggesting the shrinking of the magnetic 
unit cell in field. To obtain further information, we refine the magnetic structures at the three 
major M(H) plateaus from the neutron scattering. The magnetic field breaks the 3-fold rotational 
symmetry and turns the ground state magnetic space group P-6’m2’ into Am’m2’, with the 9 
Ho moments in the √3 × √3 unit cell forming 6 nonequivalent groups [Fig. 2G].  
Figures 2, G-I, show the magnetic structures at the three major plateaus, obtained from the 
neutron data taken at 1.8K and H=1.5T, 2.5T, and 4T along the b axis, respectively (also see 
Table 1 for the refinement factors). One first notices that all of them can be obtained from the 
ground state by reversing certain Ho spins, with negligible rotation from their local Ising axis  
(31). This is strong evidence for the Ising-like anisotropy of the Ho moments, with the local 
easy axes defined by a perpendicular mirror plane through each atom. The Ising-like anisotropy 
is further confirmed by our Crystalline Electric Field (CEF) calculations below. Moreover, in 
all three structures the spins are always reversed in such a way that the one-in-two-out or two-
in-one-out ice rule is satisfied, but the total magnetic moment along b increases with increasing 
field. At H=4T, the magnetic unit cell becomes identical to the structural unit cell (14, 15, 18), 
and has the largest possible net moment allowed by the ice rule. This is further corroborated by 
the identical magnetization jump of 1.7μB/Ho at the three metamagnetic transitions at 1.8K (Fig. 
S2B). Assuming the magnetic structures in Figs. 2, G-I, this jump can be translated to an ordered 
moment size of M=(9/2)×1.7μB=7.65μB, roughly consistent with that determined from neutron 
data at zero field [7.5(1)μB at 4K and 5.2(1)μB at 10K]. These results indicate that the Ho 
moments at low temperatures are constrained by the kagome ice rule. The metamagnetic 
transitions result from the competition between the external magnetic field and the weaker, 
further than nearest-neighbor couplings that do not affect the ice rule. For a detailed analysis of 
the three magnetic structures, see (31).  
Specific heat and magnetic entropy 
Having established the existence of the kagome ice rule in HoAgGe at low temperatures, we 
now proceed to examine the thermodynamic behaviors of kagome spin ice. To this end we 
isolate the magnetic contribution to the specific heat Cmag by subtracting the contributions from 
nuclei, lattice vibrations, and itinerant electrons (31). Figure 3A shows the Cmag thus obtained 
from 136K down to 0.48K. Besides the two peaks at T1 and T2, another broad peak appears at 
26K that is discussed further below.  
Figure 3B shows the magnetic entropy Sm(T) obtained by integrating Cmag(T)/T from (nominally) 
T=0K. At high temperatures >100K, Sm approaches Rln17, consistent with the 
5I8 state of an 
isolated Ho3+ and close to that of the structurally similar intermetallic compounds HoNiGe3 (38) 
and Ho3Ru4Al12 (39). For the ideal kagome spin ice, however, Sm should approach Rln2 at high 
temperatures because of the Ising anisotropy. The temperature dependence of the magnetic 
entropy of HoAgGe thus must be analyzed together with the CEF splitting of the Ho3+ J=8 
multiplet (see below).  
Short-range spin-ice correlations stemming from kagome ice rule can lead to a broad peak in 
specific heat Cmag(T) at the temperature scale corresponding to the nearest neighbor exchange 
coupling (10, 11). To investigate the origin of the broad peak at 26 K in Fig. 3A, we also 
investigated Lu1-xHoxAgGe (x=0.52 and 0.73). Because Lu
3+ is not magnetic, the exchange 
interaction between Ho moments is suppressed as x decreases, whereas the CEF splitting that 
can lead to the Schottky anomaly should not change much. As shown in Fig. S11, the T1 and T2 
for the magnetic transitions shift down to 8K and 4K for Lu0.27Ho0.73AgGe, and for 
Lu0.48Ho0.52AgGe T2 shifts to 5 K with T1 <1.8K. However, in both cases the broad anomaly in 
the Cmag curves still appears at about 26K. We therefore conclude that the broad peak is a 
Schottky anomaly caused by the CEF splitting of Ho3+ multiplet.  
To clearly see the effects of short-range correlations caused by the exchange interaction 
between Ho moments, we subtract the normalized Lu1-xHoxAgGe magnetic specific heat from 
that of pure HoAgGe [Fig. 3C]. The resulting ΔCmag is almost constant (within the error bar) 
above 20 K, but increases as T goes below 20K until reaching a maximum at the transition to 
the partially ordered state; therefore short-range spin ice correlations still exist below 20K. 
However, the broad peak characteristic of an ideal kagome ice model (10, 11) is absent, which  
will be discussed further below. 
Inelastic neutron scattering and CEF analysis 
To see to what extent the Ho spins can be approximately viewed as Ising, we next discuss the 
CEF effects. According to the local orthorhombic symmetry (point group C2v) of Ho sites in 
HoAgGe, CEF splits the 17-fold multiplet of a non-Kramers Ho3+ ion into 17 singlets. To 
directly probe the CEF splitting, we conducted inelastic neutron scattering (INS) experiments 
of HoAgGe crystals using time-of-flight (TOF) spectrometer NEAT at Helmholtz Zentrum 
Berlin (31, 40). To minimize the influence of internal fields caused by magnetic exchange 
interactions in the presence of long range order (41), we choose to conduct the measurements 
at 10K, very close to T2, with incident neutron wavelengths 2.4Å and 3Å. Clear CEF modes, 
which are independent of momentum transfer Q, appear between 4 meV and 6 meV [Fig. 3D]. 
The same modes are also observed in the INS spectra at 50K in Fig. S14B indicating the internal 
field is already very weak at 10K. Additional CEF modes with broad features appear between 
8 meV and 11 meV in Fig. S14A. With incident neutron wavelength 5 Å (3.27 meV) at 15K, a 
continuum feature appears in the quasi-elastic scattering plane (ΔE<0.2 meV) in Fig. S14C, 
indicating diffuse scattering, which is consistent with the observation of short-range spin 
correlations below 20K in Fig. 3C.  
Based on the INS data at 10K and the magnetic specific heat result above 20K in Fig. 3A, we 
did a combined fitting [Fig. 3E] to obtain the CEF Hamiltonian. The nine CEF parameters from 
the fitting are listed in Table S3. As shown in Table 2, among the 17 CEF levels, the lowest 
four with energies less than 1 meV should be the major ones contributing to the kagome ice 
behavior at low temperatures. The other 13 CEF modes are listed in Table S4. The 4 low energy 
CEF modes indeed have Ising-type anisotropy as shown in Fig. 3F. Under a magnetic field 
along the local Ising axis, the Ho moment steeply increases to 7.7 µB at 1T (8.1µB at 6T), which 
is much larger than 6.5µB and 4.0µB for fields along the two perpendicular directions at 6T. 
Because the CEF Hamiltonian does not include the effect of exchange coupling between Ho 
moments, which is of similar size to the separation between the lower CEF levels, it may not 
fully account for the anisotropy of the moments, especially at low temperatures.    
Classical Monte Carlo simulations 
Based on the experimental evidence presented above, we propose a classical spin model 
consisting of Ising-like in-plane spins on the 2D distorted kagome lattice of the [0001] plane of 
HoAgGe. The spins are coupled to one another through exchange couplings and long-range 
dipolar interactions and to external magnetic fields through Zeeman coupling. The 
comprehensive M(H) data and magnetic structures from neutron scattering allow us to extract 
the exchange couplings up to the 4th nearest neighbor, with implicit summation over periodic 
images along the c axis (31). The exchange couplings are found to be dominant over the dipolar 
interaction, quite different from the pyrochlore spin ices Dy2Ti2O7 and Ho2Ti2O7, as well as  
Dy3Mg2Sb3O14 (22, 23) where they are comparable. This is likely a result of the relatively strong 
RKKY-type interaction between Ho moments (27). As a check we calculated the M(H) curves 
for H along b and a axes at T=1K through Monte Carlo simulations [Fig. 4A], which agree with 
the experimental results in Fig. 1C and Fig. S2B. We do not consider the effects of the 
Dzyaloshinkiy-Moriya interaction (31).  
Monte Carlo simulations of the classical spin model on an 18×18 lattice with periodic boundary 
conditions give three peaks in the specific heat vs. temperature plot as in the experiment [Fig. 
4B]. The positions of the two peaks of C(T) at lower temperatures agree well with the 
experimental data in Fig. 3B. The broad peak at the highest temperature (denoted as T3) is due 
to the gradual development of ice-rule correlations for Ising spins. T3 is mainly determined by 
the nearest neighbor exchange coupling which, however, is not fixed by the experimental data. 
Because Ho3+ in the real material is not Ising-like at T>20 K thanks to strong population of 
higher CEF levels, such a peak does not have to be present in experiment (31). Most importantly, 
the ground state and the partially-ordered state can both be reproduced by the Monte Carlo 
simulations (Fig. S16). We thus believe that the classical spin model captures the main 
characteristics of the magnetism of HoAgGe at low temperatures.  
The temperature dependence of the magnetic entropy in Fig. 4C confirms that the peaks of C(T) 
at T3 and T1 in Fig. 4B correspond to the formation of spin-ice correlations and the fully-ordered 
ground state, respectively, similar as predicted for dipolar kagome ice (10, 11). However, the 
peak at T2 in Fig. 4B does not correspond to the transition into the “magnetic charge order” in 
dipolar kagome ice, which has an entropy of 0.108 kB per spin (10, 11). In fact, the magnetic 
charge order is destabilized by the further neighbor exchange couplings in our model. In 
contrast, the Monte Carlo simulations of the short-range kagome ice, with ferromagnetic nearest 
neighbor coupling and antiferromagnetic 2nd nearest neighbor coupling (9) indeed give an 
intermediate state similar to that in Fig. 2C through 1st-order transitions. Simple counting gives 
an entropy of 
𝑘𝐵
3
ln 2 ≈ 0.231 𝑘𝐵  per spin for the partially ordered state shown in Fig. 2B. 
However, it has been shown more recently that the state of Fig. 2C (and the ground state as 
well) has a Z6 order parameter, similar to a 6-state clock model, and the transition into it should 
be of Kosterlitz-Thouless (KT) type (37). 
Our model (as well as the physical system) is different from both dipolar and short-range 
kagome ice cases because of the co-existence of the further neighbor exchange couplings and 
the long-range dipolar interaction. The precise nature of the two low-temperature transitions in 
our 2D model may only be elucidated through comprehensive finite-size scaling analysis, which 
deserves a separate study. It also remains an open question how the transitions are influenced 
by the long-range tail of the RKKY interaction. In reality, however, the KT transition may not 
be very likely in the 3D HoAgGe, especially considering the strong exchange coupling between 
neighboring kagome planes (31). Another piece of experimental evidence is the critical 
exponent β=0.321(3) of the (1/3, 1/3, 0) peak intensity near T2 [Fig. S4A], which indicates the 
3D Ising nature of the magnetic order (42).  
Discussion 
Although the Monte Carlo simulations of the classical spin model above are in partial agreement 
with our experiments, they do not explain the experimental value of the magnetic entropy 
Sm=10.38 J·mol
-1K-1≈1.248R at T2, which is very different from the 0.231R given by the model. 
Qualitatively the discrepancy should be a result of the thermal population of multiple low-lying 
CEF levels of Ho3+, which, however, leads to the question why the classical Ising Hamiltonian 
is applicable. In pyrochlore systems such as Dy2Ti2O7, the classical Ising behavior is a 
consequence of the dominance of CEF splitting over exchange and dipolar interactions. This 
leads to an effective pseudospin-1/2 Hamiltonian with only the pseudospin components along 
the local easy axes present (43). These pseudospin components are thus good quantum numbers, 
justifying the use of the classical Ising Hamiltonian. 
In HoAgGe, metallicity simultaneously suppresses the CEF splitting of Ho3+ ions and enhances 
the exchange coupling between them, making the two energy scales comparable at least for the 
low-lying CEF levels. Thus the large (J=8) Ho3+ moments in HoAgGe at moderately low 
temperatures, when multiple CEF levels are occupied, are closer to semiclassical spins with 
strong single-ion anisotropy. Such a semiclassical model can still be mapped to an Ising model 
at the expense of introducing further neighbor exchange interactions (44), which serves as an 
explanation for the apparent validity of the classical Ising Hamiltonian for HoAgGe. A 
complete understanding of the entropy data awaits a full quantum mechanical description of the 
system. It is worth noting that the deviation from an ideal spin-1/2 system can also lead to 
stronger quantum fluctuations as in the cases of Tb2Ti2O7 (45) and Tb2Sn2O7 (46). 
The metallic nature of HoAgGe not only makes it a high-temperature (in comparison to 
pyrochlore spin ices) kagome ice, but may also lead to exotic phenomena, such as the interaction 
between electric currents and the magnetic monopoles or the toroidal moments, the relationship 
between the non-collinear ordering and the anomalous Hall effect (47-50), and metallic 
magnetoelectric effects caused by broken inversion symmetry (51). Our results suggest that 
ZrNiAl-type intermetallic compounds are a prototypical family of kagome spin systems, which 
may host other exotic phases beyond the classical spin liquid (52, 53) and deserve further 
investigation.  
 
  
References and Notes 
(1) L. Balents, Spin liquids in frustrated magnets. Nature 464, 199–208 (2010) 
(2) M. J. Harris et al. Geometrical Frustration in the Ferromagnetic Pyrochlore Ho2Ti2O7. 
Phys. Rev. Lett. 79, 2554 (1997) 
(3) A. P. Ramirez et al. Zero-point entropy in ‘spin ice’. Nature 399, 333–335 (1999) 
(4) S. T. Bramwell, M. J. P. Gingras, Spin Ice State in Frustrated Magnetic Pyrochlore 
Materials. Science 294, 1495–1501 (2001) 
(5) C. Castelnovo, R. Moessner, S. L. Sondhi, Magnetic monopoles in spin ice. Nature 
451, 42–45 (2008) 
(6) L. Pauling, The Structure and Entropy of Ice and of Other Crystals with Some 
Randomness of Atomic Arrangement. J. Am. Chem. Soc 57, 2680–2684 (1935) 
(7) D. J. P. Morris et al. Dirac Strings and Magnetic Monopoles in the Spin Ice Dy2Ti2O7. 
Science 326, 411–414 (2009) 
(8) T. Fennell et al. Magnetic Coulomb Phase in the Spin Ice Ho2Ti2O7. Science 326, 
415–417 (2009) 
(9) A. S. Wills, R. Ballou, C. Lacroix, Model of localized highly frustrated 
ferromagnetism: The kagomé spin ice. Phys. Rev. B 66, 144407 (2002) 
(10) G. Möller, R. Moessner, Magnetic multipole analysis of kagome and artificial  spin-ice 
dipolar arrays. Phys. Rev. B 80, 140409 (2009) 
(11) G.-W. Chern, P. Mellado, O. Tchernyshyov, Two-stage ordering of spins in dipolar       
spin ice on the kagome lattice. Phys. Rev. Lett. 106, 207202 (2011)     
(12) R. F. Wang et al. Artificial ‘spin ice’ in a geometrically frustrated lattice of nanoscale 
ferromagnetic islands. Nature 439, 303–306 (2006) 
(13) Y. Qi, T. Brintlinger, and J. Cumings, Direct observation of the ice rule in an  artificial 
kagome spin ice. Phys. Rev. B 77, 094418 (2008) 
(14) S. Ladak, D. Read, G. K. Perkins, L. F. Cohen, W. Branford, Direct observation of 
magnetic monopole defects in an artifcial spin-ice system. Nat. Phys. 6, 359–363 
(2010) 
(15) E. Mengotti et al. Real-space observation of emergent magnetic monopoles and 
associated Dirac strings in artificial kagome spin ice. Nat. Phys. 7, 68–74 (2011) 
(16) S. Zhang et al. Crystallites of magnetic charges in artifcial spin ice. Nature 500, 553–
557 (2013) 
(17) C. Nisoli, R. Moessner, and P. Schiffer, Colloquium: Artificial spin ice: Designing and 
imaging magnetic frustration. Rev. Mod. Phys. 85, 1473-1490 (2013) 
(18) J. C. Gartside et al. Realization of ground state in artificial kagome spin ice via 
topological defect-driven magnetic writing. Nat. Nanotech. 13, 535–58 (2018) 
(19) K. Matsuhira et al. A new macroscopically degenerate ground state in the spin ice 
compound Dy2Ti2O7 under a magnetic field. J. Phys.: Condens. Matter 14, L559 
(2002) 
(20) Y. Tabata et al. Kagomé Ice State in the Dipolar Spin Ice Dy2Ti2O7. Phys. Rev. Lett. 
97, 257205 (2006) 
(21) T. Fennell et al. Pinch points and Kasteleyn transitions in kagome ice. Nat. Phys. 3, 
566–572 (2007) 
(22) Z. L. Dun et al. Magnetic Ground States of the Rare-Earth Tripod Kagome Lattice 
Mg2RE3Sb3O14 (RE = Gd, Dy, Er). Phys. Rev. Lett. 116, 157201 (2016) 
(23) J. A. M. Paddison et al. Emergent order in the kagome Ising magnet Dy3Mg2Sb3O14. 
Nat. Commun. 7, 13842 (2016) 
(24) E. Lhotel et al. Fluctuations and All-In–All-Out Ordering in Dipole-Octupole  
Nd2Zr2O7. Phys. Rev. Lett. 115, 197202 (2015) 
(25) E. Lhotel et al. Evidence for dynamic kagome ice. Nat. Commun. 9, 3786 (2018) 
(26) R. Gibson et al. Ternary germanides LnAgGe (Ln=Y, Sm, Gd-Lu) with ordered Fe2P-
type structure. J. Alloys Compounds 239, 34 (1996) 
(27) E. Morosan et al. Thermodynamic and transport properties of RAgGe (R=Tb–Lu) 
single crystals. J. Magn. Magn. Mater. 277, 298 (2004) 
(28) H. T. Stokes and D. M. Hatch, FINDSYM: program for identifying the space-group 
symmetry of a crystal. J. Appl. Cryst. 38, 237-238 (2005) 
(29) S. Baran et al. Magnetic order in RAgGe (R=Gd–Er) intermetallic compounds. J. 
Alloys Compounds 281, 92 (1998) 
(30) E. Morosan et al. Angular-dependent planar metamagnetism in the hexagonal 
compounds TbPtIn and TmAgGe. Phys. Rev. B 71, 01445 (2005) 
(31) Materials and methods are available as supplementary materials. 
(32) V. M. Dubovik, V. V. Tugushev, Toroid moments in electrodynamics and solid-state 
physics. Phys. Rep. 4, 145 (1990). 
(33) A. Dönni et al. Geometrically frustrated magnetic structures of the heavy-fermion 
compound CePdAl studied by powder neutron diffraction. J. Phys.: Condens. Matter 8, 
11213 (1998) 
(34) S. A. M. Mentink et al. Magnetic Ordering and Frustration in Hexagonal UNi4B. Phys. 
Rev. Lett. 73, 1031 (1994) 
(35) T. Takagi, M. Mekata, Magnetic ordering of Ising spins on kagome lattice with the 1st 
and the 2nd neighbor interactions. J. Phys. Soc. Jpn. 62, 3943-3953 (1993) 
(36) M. Wolf, K. D. Schotte, Ising model with competing next-nearest-neighbour 
interactions on the kagome lattice. J. Phys. A Math. Gen. 21, 2195-2209 (1988). 
(37) G.-W. Chern, O. Tchernyshyov, Magnetic charge and ordering in kagome spin ice. 
Phil. Trans. R. Soc. A 370, 5718 (2012). 
(38) E. D. Mun et al. Physical properties and anisotropies of the RNiGe3 series (R=Y, Ce– 
Nd, Sm, Gd–Lu). J. Magn. Magn. Mater. 322, 3527 (2010) 
(39) D. I. Gorbunov et al. Crystal-field effects in the kagome antiferromagnet Ho3Ru4Al12. 
Phys. Rev. B 97, 184412 (2018) 
(40) M. Russina et al. Upgrade Project of TOF spectrometer NEAT at Helmholtz Zentrum 
Berlin. Physica B Condensed Matter 551, 506-511 (2018)  
(41) P. Javorsky et al. Crystal field and magnetocrystalline anisotropy in ErNiAl. Phys. 
Rev. B 65, 014404 (2001) 
(42) A. Scheie et al. Effective spin -1/2 scalar chiral order on kagome lattices in 
Nd3Sb3Mg2O14. Phys. Rev. B 93, 180407 (2016)  
(43) J. G. Rau and M. J. P. Gingras, Magnitude of quantum effects in classical spin ices. 
Phys. Rev. B 92, 144417 (2015) 
(44) Yang-Zhi Chou and Ying-Jer Kao, Quantum order by disorder in a semiclassical spin 
ice. Phys. Rev. B 82, 132403 (2010) 
(45) I. Mirebeau et al. Ordered Spin Ice State and Magnetic Fluctuations in Tb2Sn2O7. 
Phys. Rev. Lett. 94, 246402 (2005) 
(46) M. J. P. Gingras et al. Thermodynamic and single-ion properties of Tb3+ within the 
collective paramagnetic-spin liquid state of the frustrated pyrochlore 
antiferromagnet Tb2Ti2O7. Phys. Rev. B 62, 6496 (2000) 
(47) R. Shindou and N. Nagaosa, Orbital Ferromagnetism and Anomalous Hall Effect in 
Antiferromagnets on the Distorted fcc Lattice. Phys. Rev. Lett. 87, 116801 (2001) 
(48) Y. Taguchi et al. Spin Chirality, Berry Phase, and Anomalous Hall Effect in a 
Frustrated Ferromagnet. Science 291, 2573–2576 (2001)  
(49) H. Chen, Q. Niu, A. H. MacDonald, Anomalous Hall Effect Arising from 
Noncollinear Antiferromagnetism. Phys. Rev. Lett. 112, 017205 (2014) 
(50) S. Nakatsuji et al. Large anomalous Hall effect in a non-collinear antiferromagnet at 
room temperature. Nature 527, 212–215 (2015). 
(51) H. Saito et al. Evidence of a New Current-Induced Magnetoelectric Effect in a 
Toroidal Magnetic Ordered State of UNi4B. J. Phys. Soc. Jpn. 87, 033702 (2018). 
(52) J. Carrasquilla, Z. Hao, R. G. Melko, A two-dimensional spin liquid in quantum 
kagome ice. Nat. Commun 6, 7421 (2015) 
(53) Y. Huang, M. Hermele, Theory of quantum kagome ice and vison zero modes. Phys. 
Rev. B 95, 075130 (2017) 
(54) K. Zhao et al. Realization of the kagome spin ice state in a frustrated intermetallic 
compound. Zenodo. http://doi.org/10.5281/zenodo.3623256  
(55) V. Hutanu, J. Large-Scale Res. Facilities, 1, A16, 2015 
(56) H. Thoma, W. Luberstetter, J. Peters, V. Hutanu, Polarised neutron diffraction using 
novel high-Tc superconducting magnet on single crystal diffractometer POLI at MLZ. 
J. Appl. Cryst., 51, 17-26 (2018) 
(57) G Günther, F Mezei, J Füzi, R Gainov, Th Krist, Zs Sánta and M Russina, “Polarized 
beam option for the time-of-flight spectrometer NEAT”, proceedings PNCMI 2018, 
Journal of Physics Conference Series, in print 
(58) R Gainov, F Mezei, J Füzi and M Russina, Design concepts for a supermirror V-cavity 
based combined beam polarizer and compressor system for the upgraded neutron time-
of-flight spectrometer NEAT. Nucl. Instrum. Methods Phys. Res. A. 930, 42-48 (2019) 
(59) G. Günther, M. Russina, Background optimization for the neutron time-of-flight 
spectrometer NEAT. Nucl. Instrum. Methods Phys. Res. A. 828, 250–261 (2016) 
(60) R. Prozorov and V. G. Kogan, Effective Demagnetizing Factors of Diamagnetic 
Samples of Various Shapes. Phys. Rev. Appl. 10, 014030 (2018). 
(61) V. Petříček, M. Dušek, L. Palatinus, Crystallographic Computing System JANA2006: 
General features. Z. Kristallogr. 229, 345 (2014) 
(62) M. I. Aroyo et al., Bilbao Crystallographic Server: I. Databases and crystallographic 
computing programs. Z. Kristallogr. 221, 15 (2006) 
(63) S. V. Gallego, E. S. Tasci, G. de la Flor, J. M. Perez-Mato, and M. I. Aroyo, Magnetic 
symmetry in the Bilbao Crystallographic Server: a computer program to provide 
systematic absences of magnetic neutron diffraction. J. Appl. Crystallogr. 45, 1236 
(2012) 
(64) Y. M. Jana, D. Ghosh, Crystal-field studies of magnetic susceptibility, hyperfine, and 
specific heat properties of a Ho2Ti2O7 single crystal. Phys. Rev. B 61, 9657 (2000) 
(65) C. M. N. Kumar et al. Hyperfine and crystal field interactions in multiferroic HoCrO3. 
J. Phys.: Condens. Matter 28, 4760013 (2016) 
  
 
 
 
 
Supplementary Materials  
 
Materials and Methods  
Supplementary Text  
Figs. S1 - S22 
Table S1 - S4  
References (55)-(65)  
Acknowledgement 
 
The authors would like to thank Yoshifumi Tokiwa, Satoru Nakatsuji, Oleg Tchernyshyov, 
Jianhui Xu, Junda Song, Viviane Peçanha-Antonio, and Martin Meven for helpful discussions, 
Anton Jesche for providing access to the MPMS, and Tim Delazzer for help with the CEF 
calculations. Kate A. Ross acknowledges Jeff Rau and Michel Gingras for CEF discussions. 
We are thankful to Klaus Kiefer and colleagues from Helmholz Zentrum Berlin for providing 
access and assistance using the VM4 magnet at MLZ. Technical assistance of Wolfgang 
Luberstetter for setting up the Oxford Instruments magnet on POLI is gratefully appreciated.   
 
Funding: The work in Augsburg was supported by the German Science Foundation through 
SPP1666 (project number 220179758) and TRR80 (project number 107745057). The 
instrument POLI at Heinz Maier-Leibnitz Zentrum (MLZ), Garching, Germany, was operated 
by RWTH Aachen University in cooperation with FZ Jülich (Jülich Aachen Research Alliance 
JARA). Inelastic neutron experiments have been conducted at time-of-flight spectrometer 
NEAT operated by Helmholtz Zentrum Berlin. This work utilized the RMACC Summit 
supercomputer, which is supported by the National Science Foundation (awards ACI-1532235 
and ACI-1532236), the University of Colorado Boulder, and Colorado State University. The 
Summit supercomputer is a joint effort of the University of Colorado Boulder and Colorado 
State University. The work in Prague was supported by the Czech Science Foundation through 
Project No. 18-10504S. 
 
Author contributions: K. Z. and P. G. proposed the experiments; K. Z. synthesized single 
crystals, measured magnetic property and specific heat; H. D. and V. H. conducted single 
crystal elastic neutron scattering; V. P., H. D., and K. Z. refined magnetic structures; G. G. 
and M. R. conducted inelastic neutron scattering; H. C. provided theoretical analysis and MC 
simulation; K. A. R. performed CEF calculations; K. Z. , H. C. , and P. G. wrote the 
manuscript, with all authors shared their comments.   
 
Competing interests: The authors declare that they have no competing interests.  
 
Data and materials availability: The data presented in this paper can be found in (54).  
 
 
 
 
 
 
  
Table 1.  Summary of HoAgGe single-crystal neutron data refinement results.  
Owing to the limited number of magnetic and nuclear peaks, and  the uncertainty in aligning 
the field exactly with the b axis, the final refinement factors under field are usually larger than 
in the zero field case, yet still within a reasonable range (mostly smaller than 10%). 
Temperature(fiel
d) 
  15K    10K     4K 4K(1.5T) 1.8K(2.5T)     1.8K(4T)   
(Magnetic)Spac
e group 
P-62m P-6’m2’ P-6’m2’ Am’m2’  Am’m2’  Am’m2’ 
Magnetic 
vector: (k, k, 0) 
   k=1/3   k=1/3 
   
 k=1/3 
   
  k=1/3 
    
  k=0 
Ho Label Ho1 Ho1-Ho3 Ho1-Ho3 Ho1-Ho6 Ho1-Ho6 Ho1, Ho2 
Ordered 
moment(μB) 
  5.2(1)  7.5(1)   7.6(1)    7.6(2) 7.4(3) 
Neutron peaks& 
independent 
peaks 
535& 
106 
  330& 
  99 
971&217 
  
 234&164   254&157 
 
220&137 
(Magnetic) 
Refinement 
factor: R,wR(%) 
2.95, 
3.89 
  5.20, 
  6.27 
 3.38,  
 3.98 
   8.61, 
  10.85 
  5.90, 
  7.19 
6.52,  
8.18 
 
 
Table 2.  The four low energy (< 1 meV) CEF modes of Ho3+ in HoAgGe 
    Irreducible   
representation 
                                Wave functions 
        Γ2 − 0.6186(|7> +|−7>) − 0.1871(|5> +|−5>) − 0.2591(|3> +|−3>)   
+ 0.1234(|1> +|−1>)  
        Γ4 − 0.6209(|7> −|−7>) − 0.1961(|5> −|−5>) − 0.2636(|3> −|−3>)   
− 0.0814(|1> −|−1>)  
        Γ3 − 0.0780(|8> −|−8>) − 0.6256(|6> −|−6>) − 0.1512(|4> −|−4>) 
− 0.2822(|2> −|−2>) 
        Γ1    0.0938(|8> +|−8>) + 0.6472(|6> +|−6>) + 0.1865(|4> +|−4>)  
+ 0.1257(|2> +|−2>) − 0.2083|0> 
 
 
 
 
 
 
 
 
 
 
 Fig. 1: Crystal structure and magnetic properties of HoAgGe. (A) c-axis projection of the 
HoAgGe crystal structure, with the definition of a and b directions. (B) Low-temperature 
susceptibility χ(T) of HoAgGe for both H//b and H//c under 500 Oe, with dχ(T)/dT in the 
inset. (C) Isothermal in-plane (H//b) magnetization for HoAgGe at various temperatures. (D) 
Summarizes the dependence of the metamagnetic transitions on temperature, with the dotted 
line indicating T1 (see text). 
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Fig. 2: Magnetic structures of HoAgGe versus temperature and field with H//b. (A) the 
neutron diffraction intensity of the magnetic peak (1/3, 1/3, 0) from 13K down to 3.8K, with 
the intensity of the nuclear site (1, 0, 0) as an inset. (B) the refined magnetic structures of 
HoAgGe at 10K. The magnetic unit cell is indicated by the green rhombus, with the three 
inequivalent Ho sites labeled by Ho1, Ho2, and Ho3. (C) The counterclockwise hexagons of 
spins in the partially ordered structure of  HoAgGe at 10K, with one third spins not 
participating in the long-range order. (D) Intensity of the magnetic peak (-1/3, 2/3, 1) and 
(1/3, 4/3, 1) versus field at 4K. (E) The refined magnetic structure of HoAgGe at 4K. (F) The 
clockwise and counterclockwise hexagons of spins in the magnetic structure of HoAgGe at 
4K, which is exactly the expected √3 × √3 ground state of kagome spin ice. (G) The refined 
magnetic structure of HoAgGe at H=1.5T and T=4K. The refinement was done in the 3 × √3 
light green rectangle. The six inequivalent Ho sites are labeled by number 1-6 for simplicity. 
(H) The refined magnetic structure of HoAgGe at H=2.5T and T=1.8K. (I) The refined 
magnetic structure of HoAgGe at H=4T and T=1.8K, with the two inequivalent Ho sites 
labeled by 1 and 2. The field direction is marked by the red arrow for G-I. 
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Fig. 3: Magnetic specific heat and INS results of HoAgGe. (A) Magnetic contribution to 
the specific heat Cm of HoAgGe with the dotted lines indicating T1, T2, and broad peak at 26K 
(see text). Note that the error bars below 30 K are smaller than the symbol sizes.  Inset: 
Specific heat of HoAgGe, LuAgGe, and their difference. The latter is defined as the sum of 
the magnetic and the nuclear contributions to the specific heat of HoAgGe. (B) Cm/T data and 
the corresponding magnetic entropy Sm, which tends to saturate at the theoretical value of 
Rln17 above 100K. (C) Difference between the magnetic specific heat of HoAgGe and that of 
Lu1-xHoxAgGe (x=0.52 and 0.73) after normalization (see text). (D) INS spectra of HoAgGe 
at 10K with incident neutron wavelength 3Å. (E) Constant-Q cuts (1.4 < Q < 2.2 Å-1) showing 
the results of the CEF fitting to neutron scattering data.  (F) Isothermal magnetization 
calculated for CEF fitting parameters at 1.5K for three quantization axes. 
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 Fig. 4: Monte Carlo simulations of the 2D classical spin model for HoAgGe. (A) M(H) 
curves at 1K for H along a and b axes, respectively. (B) Temperature dependence of the specific 
heat per spin. (C) Magnetic entropy per spin calculated from the specific heat. The three 
horizontal dashed lines correspond to ln 2 ≈ 0.693 (paramagnetic Ising), 0.501 (short-range 
ice order), and 
1
3
ln 2 ≈ 0.231 (toroidal order), respectively. An 18×18 cell is used for the 
calculation. 
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